We present a theoretical study on interfacial magnetocrystalline anisotropy for Fe/MgAl 2 O 4 . This system has a very small lattice mismatch at the interface and therefore is suitable for realizing a fully coherent ferromagnet/oxide interface for magnetic tunnel junctions. On the basis of density functional theory, we calculate the interfacial anisotropy constant K i and show that this system has interfacial perpendicular magnetic anisotropy (PMA) with K i ≈ 1.2 mJ/m 2 , which is a little bit smaller than that of Fe/MgO (K i ≈ 1.5-1.7 mJ/m 2 ). Second-order perturbation analysis with respect to the spin-orbit interaction clarifies that the difference in K i between Fe/MgAl 2 O 4 and Fe/MgO originates from the difference in contributions from spin-flip scattering terms at the interface. We propose that the insertion of tungsten layers into the interface of Fe/MgAl 2 O 4 is a promising way to obtain huge interfacial PMA with K i 3 mJ/m 2 .
I.
INTRODUCTION
Perpendicular magnetic anisotropy (PMA) is an essential property for ferromagnets (FMs) in magnetic tunnel junctions (MTJs) to realize nonvolatile magnetic random access memories (MRAMs) [1] . The PMA is beneficial for obtaining sufficiently high thermal stability and low critical current in spin-transfer-torque MRAMs (STT-MRAMs), in which current-induced spin-transfer torque is used for magnetization switching [1] . Although large PMA has been observed in several FMs such as D0 22 Mn 3 Ga [2, 3], D0 22 Mn 3 Ge [4, 5] , L1 0 MnGa [3] , and L1 0 FePt [6] , MTJs with these FMs did not show sufficiently high tunnel magnetoresistance (TMR) ratios, which is another important requirement for MRAM applications. Therefore, interfacial PMA at interfaces between FMs and insulator barriers has attracted much attention mainly in MTJs consisting of Fe-based FMs and MgO barriers.
In addition to high TMR ratios [7] [8] [9] [10] , interfacial PMA has also been obtained in the MgO-based MTJs. By using thin CoFeB layers (∼ 1.3 nm), Ikeda et al. observed relatively large PMA at the interface of CoFeB/MgO/CoFeB MTJ [11] . In subsequent studies [12, 13] , Koo et al. demonstrated that Fe/MgO has a larger interfacial PMA than that of CoFe(B)/MgO, in agreement with theoretical predictions [14, 15] . Furthermore, interfacial PMA has also been observed in the heterostructure composed of the Heusler alloy Co 2 FeAl and MgO [16, 17] . The interfacial PMA is also advantageous for voltage-torque MRAMs [18] , because high interfacial PMA gives low write error rates in voltage-driven magnetization switching.
The underlying mechanism of such interfacial PMA in Fe-based FM/MgO heterostructures has been discussed in several theoretical studies. By analyzing the local density of states (LDOS) and band structure in Fe/MgO, Nakamura et al. [19] clarified that the Fe 3d 3z 2 −r 2 state is distributed away from the Fermi level owing to its hybridization with the O 2p z state, leading to interfacial PMA. Other studies [14, 20] also indicated the importance of this hybridization using different theoretical approaches. From a different point of view, the relation between PMA and orbital magnetic moment is another significant issue. A secondorder perturbation theory by Bruno [21] revealed a proportional relation between magnetic anisotropy and anisotropy of orbital magnetic moment, which is the so-called Bruno relation. Several theoretical studies have discussed the applicability of the Bruno relation to various Fe-based heterostructures [15, 22, 23] . Moreover, by means of x-ray magnetic circular dichroism (XMCD) measurements, Okabayashi et al. [24] showed that the interfacial PMA [32] . We adopted the spin-polarized generalized gradient approximation (GGA) [33] for the exchange-correlation energy and used the projector augmented wave (PAW) potential [34, 35] to treat the effect of core electrons properly.
Figures 1(a) and 1(b) show the supercells of Fe (5) . The details of our structure relaxation are given in our previous paper [40] .
In each optimized supercell, we calculated interfacial magnetocrystalline anisotropy K i using the well-known force theorem [41] 
where
) is the sum of the eigenenergies of the supercell with the magnetization parallel to the [100] ([001]) direction, and S is the cross-sectional area of the supercell. Note that the factor 2 in the denominator reflects the fact that each supercell has two interfaces.
In order to confirm whether the force theorem gives reliable results for the present systems, we also calculated K i in the self-consistent-field (SCF) manner using the total energies instead of the sum of eigenenergies in Eq. (1) [41] . In this paper, we represent a set of K i indicates the tendency toward perpendicular (in-plane) magnetic anisotropy. However, actual magnetic anisotropy is estimated by K eff t = K i + E demag t, where t is the effective thickness of the Fe electrode and E demag t represents magnetic shape anisotropy. The second term E demag t always has a negative value, and therefore favors in-plane magnetic anisotropy.
In the present work, we calculated E demag t by summing up the magnetostatic dipole-dipole interaction between atomic magnetic moments [41] with the use of the Ewald-summation technique [43] .
In addition to these calculations, we further carried out a detailed second-order perturbation analysis to understand magnetocrystalline anisotropy in Fe/MgAl 2 O 4 and Fe/MgO more deeply. By treating the spin-orbit interaction H SO as a perturbation term, the secondorder perturbation energy is expressed as
knσ is the energy of an unperturbed state |knσ with wave vector k, band index n, and spin σ. The index occ. (unocc.) on the summation means that the sum is over occupied (unoccupied) states of all atoms in the supercell [44, 45] . Note here that the state |knσ can be expanded as |knσ = iµ c kn iµσ |iµσ , where µ is an atomic orbital at site i and c kn iµσ = iµσ|knσ [44] . In the spin-orbit interaction H SO , ξ i is its coupling constant at site i, and L i (S i ) is the single-electron angular (spin) momentum operator. As the values of ξ i , we In the process of such an analysis, we can decompose E (2)
MCA into four types of terms coming from different electron scattering around the Fermi level:
Here, ∆E
originates from spin-conserving electron scattering between occupied and unoccupied majority-spin (minority-spin) states. On the other hand, ∆E i ↑⇒↓ (∆E i ↓⇒↑ ) corresponds to spin-flip electron scattering from occupied majority-spin (minorityspin) states to unoccupied minority-spin (majority-spin) states. The details of these calculations are given in a previous paper [44] . As we show in the next section, differences in magnetocrystalline anisotropy between different systems can be explained naturally by these second-order perturbation analyses.
III.
RESULTS AND DISCUSSION deeply understand interfacial PMA in all of these systems.
In Fig. 3(a) , we show the results of the second-order perturbation analysis for the magnetocrystalline anisotropy in Fe/MgAl 2 O 4 . We see that the interfacial Fe layer has the largest positive E i MCA , which provides the dominant contribution to the positive K i in this system. This indicates that Fe/MgAl 2 O 4 has interfacial PMA. At the interfacial Fe layer (Fe1), the anisotropy due to minority-spin scattering (∆E i ↓⇒↓ ) provides the largest contribution. In order to understand this feature, we utilize the following simplified expressions for the local magnetocrystalline anisotropy [46] :
where the meanings of ∆E Fig. 3(b) . From the inset of the figure, we find that the majority-spin states have quite small LDOS around the Fermi level. Thus, we can expect that the term ∆E i ↓⇒↓ provides the dominant contribution in Eq. (5) in the case of Fe/MgAl 2 O 4 , which is consistent with our results shown in Fig. 3(a) . In the previous paragraph, we mentioned that the Bruno relation holds in this system, which is reasonable because only ∆E i ↓⇒↓ is taken into account in the derivation of the Bruno relation [47] . In order to obtain further information on the PMA in Fe/MgAl 2 O 4 , we analyzed wavevector-resolved magnetocrystalline anisotropy and band structures of the supercell. Previous studies using this type of analysis on other ferromagnetic systems have shown that localized d states around the Fermi level provide the dominant contribution to the magnetocrystalline anisotropy [19, [48] [49] [50] . Figure 4(a) shows the in-plane wave vector (k ) dependence of [51] . Here, we plotted the case of k z = 0 because k z dependence is very weak owing to the long c-axis constant of the supercell. Note that K i is proportional to the sum of ∆E(k ) over all k in the two-dimensional Brillouin zone. We see that large positive anisotropy is obtained around the Γ point, which provides the dominant contribution to the interfacial PMA in this system. We can naturally understand this behavior from the band structures of the supercell shown in Figs. 4(b) and 4(c) . Actually, as seen from Fig. 4(c) (7), which is the reason why this system has the non-negligible contribution from spin-flip scattering in the interfacial PMA.
We also carried out the same perturbation analysis on the other Fe/MgO with a = a Fe = 2.866Å, which provides valuable insight as explained below. system is beyond the scope of this study and will be addressed in our future work.
From the second-order perturbation analysis, we found that the large PMA in the Technology and Innovation, Japan. The crystal structures of the supercells were visualized using VESTA [56] . Table I ). 
